Quantifying hypoxia-induced chemoreceptor sensitivity in the awake rodent. J Appl Physiol 117: 816 -824, 2014. First published July 31, 2014 doi:10.1152/japplphysiol.00484.2014.-We evaluated several methods for characterizing hypoxic chemosensitivity in the conscious rat. Adult Sprague-Dawley rats (n ϭ 30) were exposed to normobaric hypoxia [inspired oxygen fraction (FIO 2 ) 0.15, 0.12, and 0.09]. We measured ventilation (V E; barometric plethysmography), arterial oxygen saturation (SpO 2; pulse oximeter), and oxygen consumption and carbon dioxide production (V O2 and V CO2; analysis of expired air). Linear regression analysis was used to define stimulus-response relationships. Testing was performed on 2 days to assess day-to-day reproducibility. Exposure to graded, steady-state hypoxia caused progressive reductions in SpO 2 that were, for any given FIO2, quite variable (SpO 2 range, 20 -30%) among individuals. Hypoxia produced progressive increases in V E caused by increases in both tidal volume (VT) and breathing frequency. Hypoxia also increased the VT:inspiratory time (T i) ratio, an indicator of central respiratory "drive." Hypoxia caused consistent, progressive declines in V O2, V CO2, and core temperature (Ͼ20% at the lowest SpO2). We propose that optimal quantification of carotid chemoreceptor hypoxic sensitivity in the unanesthetized rodent should employ SpO 2 [a surrogate for arterial PO 2 (PaO 2 )] as the stimulus variable and the ventilatory equivalent for V CO2 (V E/V CO2) and/or mean inspiratory flow rate (VT/T i) normalized for V CO2 as the response variables. Both metrics take into account not only the important influence of a falling metabolic rate, but also SpO 2, which represents the hypoxic stimulus at the carotid body. Because of the somewhat curvilinear nature of these responses, exposure to multiple levels of graded hypoxia provides the most complete characterization of hypoxic chemosensitivity. chemoreflex; hypoxic ventilatory response; metabolic rate TRADITIONALLY, the slope of the ventilatory response to graded hypoxia has been used to quantify carotid chemoreceptor hypoxic sensitivity and document changes in sensitivity caused by altered environments or disease states (13, 36, 40) . Evidence that this response does indeed require carotid chemoreceptors is found by the absence of a hypoxic ventilatory response in the carotid body-denervated animal or human (1, 14, 30, 38) . Nevertheless, in small mammals such as rodents with relatively high metabolic rates, several adaptations attending acute hypoxic exposure make it difficult to attribute the ventilatory response slope solely to carotid chemoreceptor sensitivity. The goal of this study was to examine the relative importance of hypoxia-induced changes in metabolic rate and circulating carotid chemoreceptor stimulus levels in determining the magnitude and reproducibility of the hypoxic ventilatory response in the awake rat. We were hopeful that this study might lead to an improved method of quantifying peripheral chemoreceptor sensitivity in the awake, intact rodent.
TRADITIONALLY, the slope of the ventilatory response to graded hypoxia has been used to quantify carotid chemoreceptor hypoxic sensitivity and document changes in sensitivity caused by altered environments or disease states (13, 36, 40) . Evidence that this response does indeed require carotid chemoreceptors is found by the absence of a hypoxic ventilatory response in the carotid body-denervated animal or human (1, 14, 30, 38) . Nevertheless, in small mammals such as rodents with relatively high metabolic rates, several adaptations attending acute hypoxic exposure make it difficult to attribute the ventilatory response slope solely to carotid chemoreceptor sensitivity. The goal of this study was to examine the relative importance of hypoxia-induced changes in metabolic rate and circulating carotid chemoreceptor stimulus levels in determining the magnitude and reproducibility of the hypoxic ventilatory response in the awake rat. We were hopeful that this study might lead to an improved method of quantifying peripheral chemoreceptor sensitivity in the awake, intact rodent.
METHODS

General
Thirty adult male Sprague-Dawley rats (body wt 375-400 g) served as subjects. Rats were housed in accordance with recommendations set forth in the National Institutes of Health "Guide for the Care of Laboratory Animals" (8th ed.). Ad libitum access was provided to drinking water and standard chow (Harlan Teklad no. 8604). The protocol was approved by the University of Wisconsin-Madison School of Medicine and Public Health's Institutional Animal Care and Use Committee.
Barometric Plethysmography
Tidal volume (VT) and respiratory frequency (f B) were measured by the method of Drorbaugh and Fenn (12) using a custom-designed system (28) . The plethysmograph pressure signal was sampled at 100 Hz. A pressure calibration signal was obtained via repeated rapid injections and withdrawals of a known volume of air (0.2 ml) with a motor-driven pump prior to placement of the animal. Peak-to-peak pressure deviations were used to calculate VT using the Drorbaugh and Fenn formula (12) ; therefore, our measurements represent a mean of inspiratory and expiratory VT. A noise detection algorithm that utilized a moving average of the pressure waveforms was used to identify periods of sniffing and/or pressure-changing noise due to movement, grooming, and other activity, and labeled these as artifacts (see below). Minute ventilation (V E) was calculated as the product of VT and f B. Rat body temperature was measured using a telemeter surgically implanted within the abdominal cavity (no. VM-FH MiniMitter; Starr Life Sciences, Oakmont, PA) and verified by measurement of rectal temperature. Temperature within the plethysmograph chamber was controlled at 25.4°C and humidity was maintained at 60 -70%. A prefiltered proportional-integral-differential-type algorithm regulated the mass flow controllers that balanced impedance to flow into and out of the chamber, so that flow through the system was maintained at 2 l/min. Oxygen consumption and carbon dioxide production (V O2 and V CO2) were measured by sampling O2 and CO2 concentrations in the inspired and expired air (no. FCX-MV O2 analyzer, Fujikura, Tokyo; and no. LB-2 CO2 analyzer, Beckman Instruments, Fullerton CA). A 3-point gas calibration was performed each day prior to testing. The calibration gas concentrations bracketed the range of values expected for inspired oxygen fraction (FIO 2) and expired oxygen fraction (FE O 2 ) during the hypoxic response tests (0.22 O2 and 0.02 CO2, 0.10 O2 and 0.01 CO2, and 0.00 O2 and 0.00 CO2). A dedicated computer with custom-written software controlled the plethysmograph and saved all ventilatory and metabolic measures every 15 s. Fifteen-second segments of the pressure tracing that contained Ͼ40% artifact were excluded from further analysis.
Arterial oxygen saturation (SpO 2) was measured by pulse oximetry via neck collar (MouseOx; Starr Life Sciences, Oakmont, PA). In most cases, heart rate was acquired from the oximeter signal. In six rats, heart rate, arterial pressure, and body temperature were obtained by telemetry (no. TRM56SP; Millar Instruments, Houston, TX). The telemeter body was implanted into the abdominal cavity and the pressure catheter was inserted into the terminal aorta. PowerLab 16/35 and LabChart Pro (ADInstruments, Colorado Springs, CO) were used to acquire SpO 2, heart rate, and arterial pressure data.
Hypoxic Ventilatory Response Testing
At least 2 wk were allowed for recovery from telemeter implantation surgery. Rats were exposed to graded hypoxia within the plethysmograph chamber by supplementation of the inspired air with nitrogen. Data were collected during the final 5 min of a 15-to 20-min baseline period of ambient air breathing (FIO2, 0.21) and the final 5 min of 15-min periods in which FIO2 was maintained at 0.15, 0.12, and 0.09. This length of exposure was chosen because in pilot experiments we noted that 15 min was adequate time for the expired fractions of O 2 and CO2 to reach new steady states after a step-down in FIO2. These assessments were performed on two separate days so that day-to-day variation in the hypoxic ventilatory response could be evaluated.
Data Analysis
Cardiorespiratory and metabolic variables during normoxia and graded hypoxia were compared by one-way, repeated-measures ANOVA with Dunnett post hoc tests. Because of the curvilinear nature of the ventilatory responses, we attempted to characterize the responses using a curve-fitting approach. We first tried a logistic fit and second-and third-order polynomials but were not able to find a nonlinear model that characterized the response in all animals. Piecewise regression with a "knot" value of 80% SpO 2 was not feasible because there were only two data points above 80%-too few to provide meaningful results. Therefore, linear regression analysis was used to quantify stimulus-response relationships. V E, VT:inspiratory time (T i) ratio, and ventilatory equivalents for V O2 and V CO2 were expressed relative to FIO2 and SpO2. Day-to-day reproducibility of the slopes of these relationships was evaluated by calculating coefficients of variation (CV; standard deviation of the day 1 vs. day 2 difference scores/grand mean) to assess random error, and paired t-tests comparing the day 1 vs. day 2 scores to assess systematic error. Differences with P values Ͻ 0.05 were considered statistically significant. In the text, tables, and figures, data are shown as means Ϯ SE.
RESULTS
Ventilatory Responses to Acute Reductions in FIO 2
Exposure to graded, steady-state hypoxia produced robust, progressive increases in V E to values that were, on average, over two times greater than air-breathing eupnea at the most severe level of acute hypoxia (Table 1 and Fig. 1A ). These increases in V E were caused by increases in both f b and VT (Table 1 and Fig. 1B ). Reductions in FIO 2 also produced increases in the VT:T i ratio or mean inspiratory flow rate, an index of central respiratory "drive," which averaged a nearly 50% increase above the eupneic value at the lowest FIO 2 ( Table  1 and Fig. 1A, bottom) . The increase in VT/T i was caused by simultaneous increases in VT and decreases in T i ; however, the decrease in T i was statistically significant only at 0.12 FIO 2 .
Effects of Acute Reductions in FIO 2 on SpO 2
Exposure to graded hypoxia produced progressive reductions in SpO 2 ( Table 1 and Fig. 2A (Fig. 2B ). This variation in V E/V O 2 serves as an approximation of variability in alveolar ventilation (V A/V O 2 ) and therefore in alveolar PO 2 at any given FIO 2 . Figure 3 shows the increases in V E and VT/T i produced by exposure to graded hypoxia. Characterizations of the hypoxic dose response are shown with V E and VT/T i plotted vs. SpO 2 , with SpO 2 serving as a surrogate for PaO 2 , i.e., the carotid body stimulus level. Values are means Ϯ SE (n ϭ 30; each rat's responses on day 1 and day 2 were averaged before generating the group means). FIO2, inspired oxygen fraction; SpO2, arterial oxygen saturation; V E, minute ventilation; fB, breathing frequency; VT, tidal volume, Ti, inspiratory time; V O2, oxygen consumption; V CO2, carbon dioxide production; RQ, respiratory quotient. *P Ͻ 0.05 vs. normoxia.
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Metabolic Response to Acute Reductions in FIO 2
Our rats demonstrated consistent, progressive declines in V O 2 , V CO 2 , and core temperature in response to acute hypoxia (Table 1 The time course of this decrease in metabolic rate during exposure to acute hypoxia was examined in more detail using core temperature as a surrogate for V CO 2 (we were not able to make continuous measurements of V CO 2 with our plethysmograph system) (Fig. 5) . In six rats with high-fidelity temperature measurements, i.e., the ones with TRM56SP transmitters, we observed stable temperatures over the final 5 min of normoxic baseline period followed by a clear decrease in temperature that occurred within approximately 3-5 min of transition to each lower level of FIO 2 . This time course of temperature change is consistent with previous findings that the hypoxia-induced reduction in temperature occurred after several minutes of hypoxia (15, 25) . These same studies showed that the hypoxia-induced reduction in metabolic rate occurred 1-2 min before the drop in core temperature. Figure 6 shows increases in V E and VT/T i caused by exposure to acute, graded hypoxia plotted vs. V CO 2 . Despite the inhibitory influence of a falling V CO 2 , both central respiratory "drive" and V E increased in a curvilinear fashion. Thus, at the mildest level of hypoxia, the V E/V CO 2 ratio increased through comparable contributions of an increase in V E and decrease in V CO 2 , whereas at the more severe levels of hypoxia, the increase in V E made a relatively greater contribution to the rising V E/V CO 2 vs. that contributed from a further steady decline in V CO 2 .
Cardiovascular Responses to Reduced FIO 2
Acute hypoxic exposure produced a fall in arterial pressure. Mean arterial pressure was reduced by nearly 20 mmHg at the most severe level of hypoxia ( Table 1 ). The heart rate response to acute hypoxia was more complex, with a small increase noted during mild hypoxia (FIO 2 , 0.015), followed by a decrease below baseline at the two more severe levels of hypoxia (Table 1) . Figure 7 shows what we consider to be optimal characterizations of carotid chemoreceptor hypoxic sensitivity in awake rats. In Fig. 7A , we plot the ventilatory equivalent for V CO 2 , which takes into account the important influence of a falling metabolic rate, vs. SpO 2 , which represents the hypoxic stimulus at the level of the carotid body. Exposure to acute, graded hypoxia caused substantial, progressive increases in the V E/ V CO 2 vs. SpO 2 relationship. Similarly, Fig. 7B shows the effects of acute hypoxia on respiratory "drive" by plotting VT/T i normalized for V CO 2 vs. SpO 2 . Acute hypoxia caused progressive increases in the VT/T i /V CO 2 vs. SpO 2 relationship.
Hypoxic Ventilatory Response Characterized by the V E/V CO 2 and VT/T i /V CO 2 vs. SpO 2 Relationships
Reproducibility of the Hypoxic Ventilatory Response
We evaluated day-to-day reproducibility by calculating the slopes of the somewhat linear relationships between ventilatory equivalent for V CO 2 vs. SpO 2 and VT/T i normalized for V CO 2 vs. SpO 2 . Identity plots of day 1 vs. day 2 slopes are shown in Fig. 8, A and B. No systematic changes between mean values on day 1 vs. day 2 were noted in either of these relationships (P values Ͼ 0.05, Table 2 ). The coefficients of variation indicate that, of these relationships, V E/V CO 2 vs. SpO 2 was the more reproducible with the smaller day-to-day random error (CV ϭ 10%). Considerably greater random errors were noted with indexes that did not take into account the hypometabolic effect and those in which FIO 2 was the stimulus variable (Table 2) .
DISCUSSION
We provide three sets of observations that are of importance to the quantitation of peripheral chemoreceptor hypoxic sensitivity in the awake rodent. First, acute steady-state hypoxia causes highly consistent dose-dependent reductions in V O 2 and V CO 2 which per se would be expected to reduce alveolar ventilation as much as 25-30% at the most severe level of hypoxemia. Second, for any given FIO 2 , SpO 2 (as a reflection of the circulating chemoreceptor stimulus, PaO 2 ), varies markedly among animals. Third, test-retest (day to day) reproducibility within animals showed a moderate random variation for all indexes of hypoxic responsiveness, with ⌬V E/V CO 2 :⌬SpO 2 index showing the smallest random variation. We recommend the use of V E/V CO 2 vs. SpO 2 and VT/T i /V CO 2 vs. SpO 2 measured over multiple levels of hypoxia as the most relevant estimates of peripheral chemoreceptor hypoxic sensitivity available in the awake rodent.
Defining the Dose:Response Relationship
These recommendations are based on several theoretical considerations. First, the choice of a dose-response index for the hypoxic ventilatory response depends upon the research question. If the question is a very broad one (i.e., how an animal responds to reduced PO 2 in the environment), then the appropriate index is clearly the slope of ⌬V E vs. ⌬FIO 2 . This index reflects both hypoxic chemoreceptor sensitivity and accompanying changes in metabolic rate as the major determinants of the hypoxic ventilatory response. If, however, the aim is to quantify the carotid chemoreceptor-mediated ventilatory response to arterial hypoxemia, then the changing "metabolic" determinant of ventilation, i.e., V CO 2 , must be accounted for via the use of V E/V CO 2 as the response variable. Our justifications for the need to account for these reductions in V CO 2 are the many experiments in humans and animals that support a causative link of respiratory CO 2 exchange to proportional changes in alveolar ventilation. These experimental manipulations of V CO 2 have included: 1) diet-induced changes in the respiratory exchange ratio (11, 42) ; 2) manipulation of "CO 2 flow" (blood flow ϫ venous CO 2 content) to the lung via the use of extracorporeal gas exchange (44); 3) the use of sinusoidal changes in exercise work rate at varying frequencies (4, 43); and 4) the gradually rising gaseous component of tissue metabolism in the developing chick embryo (24) . Correlative evidence suggests that the link of alveolar ventilation to V CO 2 is strongest with the pulmonary exchange of CO 2 rather than with the tissue metabolic production of CO 2 (24, 25, 43) . Accordingly, in acute hypoxia in the rodent, the accompanying reduction in V CO 2 would be expected, by itself, to elicit a progressive proportional reduction in alveolar ventilation that our data would predict to be more than 20% below control at the most severe level of acute hypoxemia (see Fig. 4 ). Moreover, many newborn mammals show as much as 50% or more reductions in metabolic rate during acute hypoxia (26) . The ventilatory equivalent for V O 2 , i.e., V E/V O 2 , is also commonly used to "control" for metabolic rate effects on V E, but we know of no experimental evidence directly linking changes in V O 2 , per se, to V E. Thus ⌬V E/⌬V CO 2 vs. SpO 2 would appear to be the most appropriate expression of the ventilatory response slope as an index of chemoreceptor responsiveness, although we caution that the exact stimulus and site of action of changes in respiratory CO 2 exchange on ventilatory drive remain uncertain (25, 42, 43) .
The recommendation to consider the inspiratory volume: time profile or VT/T i (also standardized for V CO 2 ), an index of the rate of rise in inspiratory motor output, as a response variable is based on the concept that VT/T i represents the primary neural drive to inspiration. Changes in minute ventilation, on the other hand, also depend largely on breath timing changes, which in turn are primarily determined by vagal feedback resulting from lung stretch (46) . Of course, VT/T i is also determined by the mechanical properties of the upper airway, lung, and chest wall, so changes in VT/T i will only accurately reflect inspiratory motor output as represented by the rate of rise of phrenic nerve activity or diaphragm electromyogram under conditions of normal and/or unchanged respiratory mechanics (45) .
Defining the stimulus on the x-axis of the dose:response relationship is less straightforward. On the one hand, FIO 2 is clearly not the carotid chemoreceptor stimulus, which is best represented in the awake animal by SpO 2 as a surrogate for PaO 2 . On the other hand, SpO 2 is clearly not entirely independent of the ventilatory response to hypoxia. Rather, the steadystate value of SpO 2 (and PaO 2 ) during hypoxic exposure results primarily from a process of reiteration between stimulus and (ventilatory) response effects on alveolar PO 2 . This variable effect on alveolar PO 2 is indicated by the large interindividual differences in V E/V O 2 (at a given FIO 2 ) which accompanied the variability in SpO 2 . A further smaller source of variation in SpO 2 , somewhat independent of PaO 2 , would be variations in the degree of respiratory alkalosis which, in turn, would shift the HbO 2 dissociation curve by variable amounts (see below). Nevertheless, because of the demonstrated interindividual variability in SpO 2 for a given FIO 2 , a quantification of carotid chemoreceptor sensitivity based on SpO 2 as the stimulus variable is substantially more precise than one based on FIO 2 . This consideration would seem especially relevant in case-control comparisons where impairments in pulmonary gas exchange could further alter the FIO 2 :SpO 2 relationship. Validation studies for the rodent pulse oximeter vs. arterial blood gas measurements have shown the device to be quite accurate over a substantial range of SpO 2 (35) . In our experience, rats tolerate the oximeter collar well, after a minimal amount of training. Finally, we caution that SpO 2 is not only determined by PaO 2 but will also be influenced by changes in PaCO 2 , pH, and temperature during hypoxic exposure via changes in position of the HbO 2 dissociation curve. Accordingly, although methodologically much more complex in awake rodents, direct multiple sampling of arterial blood (20, 29, 30) would provide more accurate assessment of the chemoreceptor hypoxic sensitivity via quantification of the PaO 2 vs. V E/V CO 2 dose:response relationship.
Our data highlight the importance of using multiple levels of the stimulus to assess hypoxic chemosensitivity. We observed somewhat curvilinear ventilatory responses, with more substantial increases in the ventilatory response variables occurring at the more severe levels of hypoxemia. With acute hypoxic exposures the ventilatory response represents the net effect of metabolic inhibition vs. carotid chemoreceptor stimulation, with relative domination of the metabolic rate effect at the lesser levels of hypoxemia and domination of the chemoreceptor stimulation of V E at the more severe levels of hypoxia (see Fig. 6 ). These curvilinear ventilatory responses were observed regardless of whether FIO 2 or SpO 2 was used as the stimulus variable. For this reason, it is not possible to predict the full range of response based on only one level of hypoxia. Interestingly, ventilatory responses were most linear when response variables incorporated the fall in V CO 2 (Fig. 7 vs. Fig.  3) . Further, given the apparent differences in influences over the ventilatory response at the various intensities of acute hypoxia, it might be of value to determine the effects of a given perturbation on hypoxic responsiveness by comparing relatively mild vs. more severe levels of acute stimuli. 
Complexities/Limitations in Quantifying the Hypoxic Response
We propose that the best index currently available to quantify peripheral chemoreceptor hypoxic sensitivity in the awake, intact rodent is the slope of the ventilatory response, over several levels of steady-state hypoxia, of V E/V CO 2 vs. SpO 2 . In addition to the considerations outlined in the forgoing sections, support for the suitability of this index to define the true chemoreceptor dose response, we note that this response index also showed the smallest amount of within-animal, day-to-day random variation. Nevertheless, several important limitations and complexities must be considered in applying this methodology to defining hypoxic chemoreceptor sensitivity. These are outlined below. We emphasize that the ventilatory and metabolic effects of acute hypoxia we report here pertain only to our protocol in which measurements were made up to 45 min after the initial reduction in FIO 2 . The pattern and magnitude of effect might well differ with protocols with other patterns of exposure; however, we believe that the basic principles of defining dose response as explained here would apply to other protocols.
Effects of hypocapnia. It is not possible to continuously monitor and therefore to precisely control end-tidal CO 2 (or PaCO 2 ) during exposure to graded hypoxia in awake rodents. Even seemingly minor 1-to 2-mmHg changes in PaCO 2 would be expected to have a major inhibitory effect at the level of both the central and peripheral chemoreceptors on the drive to breathe and thus on the slope of the hypoxic ventilatory response (9, 19) . Accordingly, the magnitude of the poikilocapnic hypoxic ventilatory responses is determined by both hypoxic and CO 2 chemosensitivities and their interactive effects in addition to the magnitude of the hypoxia-induced hypometabolic effects on alveolar ventilation (see below).
Ventilatory effects of hypotension. As we have previously demonstrated (22) , acute exposure to hypoxia causes a fall in arterial pressure in the awake rat (Table 2) . This relative hypotension, a response that has also been observed in anesthetized rats (6) , would by itself be expected to elicit a baroreflex-induced increase in ventilation (3, 17, 33) .
Multiple "extra-chemoreceptor" sites of hypoxic responsiveness. The hypoxic ventilatory response in the intact animal likely represents more than just the contribution from the carotid chemoreceptors, although intact carotid chemoreceptors appear to be obligatory to the ventilatory response (1, 14, 30) . Two additional sources of the hypoxic response include 1) a relatively small but significant dose:response stimulatory effect of central nervous system hypoxia, as illustrated in the intact, unanesthetized animal with carotid chemoreceptors isolated, perfused, and maintained normal while systemic hypoxemia was induced via reductions in FIO 2 (7, 10, 41) ; and 2) a dependence of central CO 2 chemosensitivity on the magnitude of carotid chemoreceptor sensory input (2, 8, 18, 32, 37) .
Multiple roles for carotid chemoreceptors. Although we have viewed the hypoxic ventilatory response slope to represent two separate mechanisms, i.e., carotid chemoreceptor The slopes of the stimulus:response relationships (linear regression analysis) were used to quantify the responses. We used either FIO2 or SpO2 as the stimulus variable and, for the response variable, either one that took into account hypoxia-induced hypometabolism or one that did not. CV, coefficient of variation; P value, comparison of day 1 and day 2 means by paired t-test. responsiveness on the one hand vs. reduced metabolic rate on the other, recent findings suggest that these processes may be causally linked via the sympathetic nervous system response to carotid body stimulation. In recent years, Cannon and Nedergaard (3a) and Morrison (24a) have shown that metabolism and heat production via nonshivering thermogenesis in brown adipose tissue (BAT) are under the control of the sympathetic nervous system. Hypoxic stimulation of arterial chemoreceptor afferents was shown to coincide with a reduction in sympathetic outflow to BAT which, in turn, inhibited nonshivering thermogenesis, thereby contributing to hypoxia-evoked reductions in body temperature and metabolic rate (21) . Thus carotid chemoreceptor sensitivity appears likely to have a significant bearing on the slope of the ventilatory response to acute hypoxemia through both its (direct) reflex stimulatory effect on the medullary respiratory pattern generator and also (indirectly) through its inhibitory effect on metabolic rate via withdrawal of sympathetic outflow to BAT. Accordingly, when carotid chemoreceptor sensitivity changes, such as with chronic intermittent hypoxia (31), chronic constant hypoxia (5, 27, 39) , or with reduced blood flow as in chronic heart failure (34), one might expect concomitant changes in both carotid sinus nerve activity and metabolic rate. For example, we recently observed marked reductions in V CO 2 (as well as V O 2 and body temperature) in normoxia and during acute exposure to graded hypoxia following 3 wk of daily exposure to intermittent hypoxia (unpublished observations). These data are consistent with the metabolic consequences of increased carotid chemoreceptor output; nevertheless, in a previous study of rats exposed to constant moderate hypobaric hypoxia, metabolic rate was also markedly reduced in the initial hours of exposure but gradually returned to normoxic control levels over 3 days of continuous hypoxic exposure (29) . That extra-carotid body mechanisms must also contribute to the metabolic inhibitory effects of acute hypoxia has been shown by the metabolism-reducing effect of acute hypoxia even following carotid body denervation (16, 23) .
Summary
We have attempted to demonstrate the multiple determinants of the slope of the hypoxic ventilatory response in the unanesthetized, intact rodent. On the one hand, contributions from the inhibitory effects of the accompanying hypocapnia and the additional excitatory effects associated with central nervous system hypoxia, systemic hypotension, and central projections of carotid body sensory input confound the interpretation that the hypoxic response slope exclusively reflects carotid chemosensitivity. We cannot control or account for these relatively minor yet significant influences on the hypoxic response. On the other hand, we suggest that use of V E/V CO 2 vs. SpO 2 accounts for the major determinants of the hypoxic dose response, i.e., metabolic rate and circulating O 2 stimulus level, and we recommend its use for the quantification of carotid chemoreceptor dose:response hypoxic sensitivity in the rodent.
